ABSTRACT: Two studies were conducted to evaluate the growth performance and percentage bone ash of nursery pigs fed various combinations of Ca and P provided by inorganic sources or phytase. In Exp. 1, pens of pigs (n = 720, initially 6.1 ± 0.98 kg) were blocked by initial BW. Within blocks, pens were randomly assigned to one of six treatments (12 pens per treatment) in a three-phase diet regimen. Treatments were arranged in a 2 × 3 factorial with main effects of Ca (0.58% vs. 1.03%) and standardized total tract digestible (STTD) P (0.33% and 0.45% without phytase, and 0.45% with 0.12% of the P released by phytase). During treatment period, Ca × P interactions were observed for all growth criteria (P < 0.05). When diets had low Ca, pigs fed 0.45% STTD P with phytase had greater (P < 0.01) ADG and ADFI than those fed 0.33% or 0.45% STTD P without phytase. When high Ca was fed, ADG and ADFI were similar among pigs fed 0.45% STTD P with or without phytase and were greater than those fed 0.33% STTD P. Gain:feed was reduced (P < 0.01) when high Ca and low STTD P were fed relative to other treatments. On d 21, radiuses were collected from 1 pig per pen for bone ash analysis. Pigs fed 0.33% STTD P had decreased (P < 0.05) percentage bone ash than those fed 0.45% STTD P with or without phytase when high Ca was fed, but this P effect was not observed for low Ca diets (Ca × P interaction, P = 0.007). In Exp. 2, 36 pens (10 pigs per pen, initially 6.0 ± 1.08 kg) were used in a completely randomized design. Treatments were arranged in a 2 × 3 factorial with the main effects of STTD P (at or above NRC [NRC. 2012. Nutrient Requirements of Swine. 11 th rev. ed. Washington (DC): National Academic Press.] requirement estimates) and total Ca (0.65, 0.90, and 1.20%). Experimental diets were fed during phases 1 and 2, followed by a common phase 3 diet. Diets at NRC (2012) P level contained 0.45% and 0.40% STTD P, compared with 0.56% and 0.52% for diets greater than the NRC (2012) estimates, in phase 1 and 2, respectively. During treatment period, increasing Ca decreased (linear, P = 0.006) ADG, but increasing STTD P marginally increased (P = 0.084) ADG, with no Ca × P interaction. When diets contained NRC (2012) P levels, pigs fed 1.20% Ca had decreased (P < 0.05) G:F than those fed 0.65% or 0.90% Ca; however, when high STTD P were fed, G:F was not affected by Ca (Ca × P interaction, P = 0.018). In conclusion, excess Ca decreased pig growth and percentage bone ash when diets were at or below NRC (2012) requirement for STTD P, but these negative effects were alleviated by adding monocalcium P or phytase to the diet.
INTRODUCTION
Appropriate dietary Ca and P concentrations are essential for nursery pig performance. Accurate formulation for Ca and P is even more important in recent years with the routine use of phytase in swine diets. Research has demonstrated that feeding excess dietary Ca impairs P absorption, resulting in reduced growth performance and bone calcification of pigs (Reinhart and Mahan, 1986; Stein et al., 2011; González-Vega et al., 2016) . This effect is especially prominent when diets are marginal in P (Létourneau-Montminy et al., 2012; NRC, 2012) . Moreover, excess Ca can bind to phytate in the small intestine, decrease the solubility of phytate, and therefore impair the ability of phytase to release P (Dersjant-Li et al., 2015) .
Diets can have excess Ca for multiple reasons, including formulation errors, variability in laboratory analysis of ingredients, neglecting the Ca content of carriers in premixes or other additives, and not accounting for Ca released by phytase. Meanwhile, diets can also be deficient in P due to formulation errors or by overestimating the amount of P released for the given amount of phytase in the diet. In addition, recent research (Vier et al., 2017) has suggested that NRC (2012) may underestimate the standardized total tract digestible (STTD) P requirement for nursery pigs. Thus, in commercial production there is an increased risk of overfeeding Ca. The effects of dietary Ca and P concentration as well as their ratio on growth performance and P retention have been extensively studied in growing-finishing pigs. However, to our knowledge, such information is limited for pigs less than 15 kg BW. Therefore, the objective of this study was to evaluate the growth performance and percentage bone ash of early nursery pigs in response to different combinations of dietary STTD P and Ca concentrations provided by monocalcium P or phytase.
MATERIALS AND METHODS
All experimental procedures in this study were approved by the Kansas State University Institutional Animal Care and Use Committee (Manhattan, KS).
Animals and Housing
Two studies were conducted at the Cooperative Research Farm's Swine Research Nursery (Kalmbach Feeds, Inc., Sycamore, OH). Each pen (1.52 × 1.83 m 2 ) had slated metal floors and was equipped with a four-hole stainless-steel feeder and a nipple-cup waterer. Five barrows and five gilts (PIC 280 × Camborough, Genus PIC, Hendersonville, TN) were housed in each pen and were allowed ad libitum access to feed and water throughout the experiments. In Exp. 1, 720 weaned pigs were used from two rooms with 36 pens per room. Upon arrival, pigs were individually weighed and assigned to pens in order to achieve balanced pen weights within room. After 4 d of adaptation, pens of pigs were blocked by BW (initial pig BW = 6.1 ± 0.98 kg) and allotted randomly to one of six dietary treatments (Tables 2 and 3 ). In Exp. 2, 360 weaned pigs with initial BW of 6.0 ± 1.08 kg were housed in a single room with 36 pens. Pens of pigs were allotted to one of six dietary treatments (Tables 4 and 5 ) in a completely randomized manner.
Diets and Experimental Design
All ingredients containing Ca and P were sampled and sent to two labs (Ward Laboratories, Inc. Kearney, NE; and Cumberland Valley Analytical Services Inc., Maugansville, MD) for analysis of Ca and P in duplicate in each lab (Table 1 ). The average of the four lab results for each ingredient was used in diet formulation in both experiments. In Exp. 1, the six dietary treatments were arranged in a 2 × 3 factorial, with two levels of Ca (0.58% and 1.03%) and three levels of STTD P (0.33% with no phytase, 0.45 with no phytase, and 0.45% with 0.12% of the P assumed to be released by phytase). Diets with phytase contained 1,000 phytase units (FYT) of Ronozyme HiPhos 2500 (DSM Nutritional Products, Inc., Parsippany, NJ) with an assumed releasing value of 0.12% for Ca and STTD P. Pigs were fed in three phases, with the experimental diets provided in phases 1 (d 0 to 14) and 2 (d 14 to 28). A common phase 3 diet was then fed to all pigs from d 28 to 42. Nutrient and standardized ileal digestible AA digestibility coefficients used for diet formulation were obtained from NRC (2012). All diets were provided in meal form.
In Exp. 2, the six dietary treatments were arranged in a 2 × 3 factorial with two levels of STTD P (at or above NRC (2012) requirement estimates) and three levels of total Ca (0.65, 0.90, and 1.20%). Pigs were fed in three phases with the experimental diets provided in phases 1 (d 0 to 10) and 2 (d 10 to 24), followed by a common phase 3 diet from d 24 to 45. Diets formulated to meet NRC (2012) P requirement (NRC) contained 0.45% and 0.40% STTD P in phases 1 and 2, respectively. Diets formulated to exceed NRC (2012) P requirement (>NRC) contained 0.56% and 0.52% STTD P in phases 1 and 2, respectively. Diets did not contain phytase with the dietary Ca and P mainly provided by monocalcium phosphate and limestone. Phase 1 diets were prepared in pellet form and phases 2 and 3 diets were provided in meal form. Pigs and feeders were weighed at the end of each feeding phase to determine ADG, ADFI, and G:F ratio in both of the experiments.
Bone Ash Analysis
On d 21 of Exp. 1, one median-weight gilt from each pen was euthanized using a CO 2 chamber and radiuses were collected. Bones were then transferred on dry ice to the Kansas State University Swine Laboratory and stored at −20°C until analysis. After thawing at room temperature (24°C) in plastic bags for 24 h, bones were autoclaved for 60 min, adhering tissue and cartilage caps were removed, then dried at 105°C for 7 d. Dried radiuses were ashed in a muffle furnace at 600°C for 24 h to determine total ash weight and percentage bone ash.
Chemical Analysis
Complete diet samples were obtained and delivered to the Kansas State University Swine Laboratory, Manhattan, KS, and stored at −20°C until analysis. Feed samples were analyzed for DM, CP, ether extract, Ca, and P (2000) method (985.01) was used for Ca and P analyses with modifications of ashing a 0.35 g sample for 1 h at 535°C, digestion in an open crucible for 20 min in 15% nitric acid on a hot plate, and sample dilution to 50 mL and analysis on an inductively coupled plasma spectrometer (PerkinElmer 3300 XL and 5300 DV ICP; PerkinElmer Inc., Shelton, CT).
Statistical Analysis
Experiment 1 was analyzed in a randomized completely block design with a 2 × 3 factorial treatment structure. The statistical model contained the main effects of Ca and STTD P and their interactions as well as random effects of room and weight block within room. The initial statistical model included treatment and the effect of treatment within room as fixed effects. Because there was no evidence that the treatment effect was different across rooms, the treatment within room term was removed from the model and data from the two rooms were pooled in the analyses of growth performance and percentage bone ash. One pen from 0.58% Ca + 0.45% STTD P treatment encountered issues with feeder adjustment and had restricted feed intake as noted in the daily observation records; therefore, data from this pen were excluded from all the analyses. In Exp. 2, data were analyzed in a completely randomized design with a 2 × 3 factorial treatment structure. The statistical model contained the main effects of STTD P and Ca and their interaction. Single degree-of-freedom contrasts were performed to test the linear and quadratic effects of increasing Ca and their interactions with P concentration. All statistical analyses were conducted using the GLIMMIX procedure of SAS version 9.4 (SAS Institute, Inc., Cary, NC) with pen as the experimental unit. Means were reported as least-squares means. For response criteria with significant Ca × P interaction, means were separated by the PDIFF option with a Tukey-Kramer adjustment. Results were considered significant at P < 0.05 and marginally significant at 0.05 < P < 0.10. 
RESULTS

Chemical Analysis
Analyzed Ca concentrations in feed ingredients were similar between the two laboratories (Table 1) . However, a 15% interlaboratory discrepancy was observed for monocalcium phosphate, the primary source of P in the experimental diets; therefore, the average values were used in the diet formulation. It is worthy to note that significant amounts of Ca were included in minor ingredients, such as vitamin and trace mineral premixes, phytase, and selenium premix. However, given the small inclusion rates, these ingredients only contributed 0.03% total Ca in the experimental diets. The analyzed dietary Ca and P concentrations were slightly greater than the formulated values but followed similar patterns as the designed treatment structure (Tables 2-5).
Experiment 1
During phase 1 (d 0 to 14; Table 6 ), Ca × P interactions were observed for ADG and G:F (P < 0.05) but not for ADFI. Pigs fed diets containing 0.45% STTD P with phytase had greater (P < 0.01) ADG than pigs fed 0.45% STTD P without phytase or pigs fed 0.33% STTD P regardless of dietary Ca concentration. The ADG of pigs fed diets containing 0.45% STTD P without phytase was greater (P < 0.001) than that of pigs fed 0.33% STTD P when diet contained high (1.03%) Ca concentration but not for diets with low (0.58%) Ca concentration. Regardless of Ca level, feeding 0.45% STTD P with phytase improved (P < 0.05) ADFI compared with diets with 0.33% or 0.45% STTD P with no phytase. Pigs fed 0.45% STTD P with or without phytase exhibited greater (P < 0.10) G:F than pigs fed 0.33% STTD P, and the magnitude of these differences was more prominent when diets contained high Ca concentrations (Ca × P interaction, P < 0.001).
During phase 2 (d 14 to 28), Ca × P interactions were observed for all growth criteria (P < 0.05). Pigs fed diets containing 0.45% STTD P with or without phytase had greater (P < 0.05) ADG than those fed 0.33% STTD P when high Ca was added to diets but not for diets containing low Ca concentrations. When diets contained low Ca, feeding 0.45% STTD P with phytase resulted in greater (P < 0.001) ADFI than feeding the 0.33% STTD P diet, with ADFI of pigs fed 0.45% STTD P without phytase intermediate. When fed high Ca, ADFI of pigs fed 0.45% STTD P with or without phytase was greater (P < 0.01) than those fed 0.33% STTD P. Pigs fed 0.33% STTD P had lower (P < 0.001) G:F than those fed 0.45% STTD P without phytase when diets contained high Ca concentration; however, no differences were observed among low Ca diets.
When combining the treatment periods (d 0 to 28), Ca × P interactions were observed for all growth responses (P < 0.05). When low Ca was added to diets, feeding 0.45% STTD P with phytase increased (P < 0.01) ADG and ADFI compared with pigs fed 0.45% STTD P without phytase and pigs fed 0.33% STTD P. However, with high Ca, ADG and ADFI were similar among pigs fed 0.45% STTD P with or without phytase but were greater than those fed 0.33% STTD P diet. Gain to feed was decreased (P < 0.01) when low STTD P and high Ca were added to the diet compared with other dietary treatments. On d 28, when diets contained low Ca concentrations, pigs fed 0.45% STTD P with phytase had greater (P < 0.01) BW than pigs fed 0.45% STTD P without phytase and those fed 0.33% STTD P. When diets contained high Ca, BW was similar among pigs fed 0.45% STTD P with or without phytase but was greater (P < 0.01) than those fed 0.33% STTD P diet.
During the posttreatment period from d 28 to 42, all pigs received a common phase 3 diet. No evidence for significant Ca × P interaction was observed for ADG. Pigs previously fed 1.03% Ca had greater (P < 0.001) ADG than those previously fed 0.58% Ca. Pigs previously fed 0.33% STTD P tended to have greater (P = 0.054) ADG than those previously fed 0.45% STTD P with phytase, but similar ADG to pigs previously fed 0.45% STTD P without phytase. Pigs previously fed 0.45% STTD P with or without phytase had greater (P < 0.05) ADFI than those previously fed 0.33% STTD P, but the magnitude of these differences was greater in high Ca than in low Ca diets (Ca × P interaction, P = 0.063). For G:F, a Ca × P interaction (P < 0.001) was observed. When diets contained low Ca concentration, pigs previously fed 0.45% STTD P with phytase had decreased (P = 0.027) G:F compared with those previously fed 0.33% STTD P, with G:F of pigs previously fed 0.45% STTD P without phytase intermediate. When high Ca was added to diets, G:F was similar among pigs previously fed 0.45% STTD P with or without phytase but was poorer (P < 0.01) than those previously fed 0.33% STTD P.
Overall (d 0 to 42), Ca × P interaction was observed for all growth criteria (P < 0.10). Feeding 0.33% STTD P decreased (P < 0.01) ADG compared with feeding 0.45% STTD P with or without phytase, but this effect was only observed when high Ca was fed. For ADFI, when diets contained low Ca concentration, feeding 0.45% STTD P with phytase resulted in greater (P = 0.018) ADFI than feeding 0.33% STTD P diet, with that of pigs fed 0.45% STTD P without phytase intermediate. When high Ca was fed, ADFI of pigs fed 0.45% STTD P with or without phytase was greater (P < 0.01) than those fed 0.33% STTD P. Dietary STTD P level did not affect overall G:F regardless of Ca concentration; however, G:F was decreased (P = 0.005) by feeding 1.03% Ca compared with feeding 0.58% Ca when diets contained 0.33% STTD P. This Ca effect was not observed when diets contained 0.45% STTD P with or without phytase. Similarly, final BW of pigs fed 0.33% STTD P was decreased (P < 0.01) relative to pigs fed 0.45% STTD P with or without phytase when high Ca was fed with no P response with low-dietary Ca concentration.
Pigs fed 0.33% STTD P had decreased (P < 0.05) percentage bone ash compared with those fed 0.45% STTD P with or without phytase when high Ca was added to diets, but this P effect was not observed among treatments with low Ca concentration (Ca × P interaction, P = 0.007).
Experiment 2
During phase 1 (d 0 to 10), no evidence of Ca × P interactions were observed for any growth criteria (P > 0.38; Table 7 ). Calcium and STTD P concentrations did not affect ADG or d 10 BW. However, increasing Ca increased (linear, P = 0.014) ADFI but decreased (linear, P = 0.009) G:F.
During phase 2 (d 10 to 24), a marginal Ca × P interaction was observed for ADG (P = 0.088) and a significant interaction for G:F (P = 0.001), but not for ADFI or BW. Pigs fed 1.20% Ca had decreased (P < 0.05) ADG and G:F compared with those fed 0.65% and 0.90% Ca when diets contained NRC STTD P; however, this detrimental effect of high Ca was not observed in pigs fed >NRC STTD P. Average daily feed intake was not affected by dietary Ca or STTD P. Day 24 BW was decreased (linear, P = 0.006) by increasing Ca regardless of the STTD P concentration in diets. Feeding >NRC STTD P resulted in a marginally greater (P = 0.096) d 24 BW than those fed NRC STTD P.
When combining the treatment periods (d 0 to 24), no Ca × P interactions were observed for ADG and ADFI. Increasing Ca decreased (linear, P = 0.006) ADG but had no evidence for an effect on ADFI. Similarly, feeding >NRC STTD P marginally increased (P = 0.084) ADG but had no evidence for an effect on ADFI, compared with pigs fed NRC STTD P. Concentrations of Ca and STTD P had an interactive effect on G:F (P = 0.015). When diets contained NRC STTD P, pigs fed 1.20% Ca had poorer (P < 0.05) G:F than those fed 0.65% and 0.90% Ca; however, when >NRC STTD P was fed, G:F was not affected by dietary Ca concentration.
During the posttreatment period from d 24 to 45, all pigs received a common phase 3 diet. No interactive or main effects of Ca and STTD P concentrations were observed for ADG, ADFI, or final BW. However, pigs previously fed increasing dietary Ca had improved (linear, P = 0.003) G:F regardless *A total of 360 barrows and gilts (PIC 280 × Camborough, Genus PIC, Hendersonville, TN) with initial BW of 6.0 ± 1.08 kg were used in a 45-d trial with 10 pigs per pen and six replications (pen) per treatment. † ‡ NRC = STTD P levels formulated to meet NRC (2012) requirement estimates (0.45% for phase 1 and 0.40% for phase 2). ‡ >NRC = STTD P levels formulated to exceed NRC (2012) requirement estimates (0.56% for phase 1 and 0.52% for phase 2). § Linear Ca × P interaction: P = 0.070; quadratic Ca × P interaction: P = 0.196. # Linear Ca × P interaction: P < 0.01; quadratic Ca × P interaction: P > 0. 10. ab Means with different superscripts within a row differ (P < 0.05).
of the STTD P content previously fed in phase 1 and 2 diets. As a result of this compensatory gain, overall (d 0 to 45) growth responses were not affected by the Ca and P concentrations fed during phases 1 and 2.
DISCUSSION
In high Ca diets, free Ca binds with P in the chyme to form insoluble salts, resulting in decreased digestion and absorption of dietary P (Heaney and Nordin, 2002) . As an example, Stein et al. (2011) reported a linear reduction of apparent total tract digestibility of P from 56.9% to 46.2% when dietary Ca increased from 0.33% to 1.04% in growing pig. Therefore, it has been widely established that excess Ca may negatively affect pig growth performance depending on the level of P in diets (Reinhart and Mahan, 1986; Liu et al., 1998; González-Vega et al., 2016) . The total Ca and STTD P requirements estimated by NRC (2012) are 0.85% and 0.45%, respectively, for 5 to 7 kg (phase 1) pigs and 0.80% and 0.40%, respectively, for 7 to 11 kg (phase 2) pigs. In Exp. 1, we observed that feeding 1.03% total Ca decreased ADG, ADFI, and G:F when diets were deficient in STTD P (0.33%), but these detrimental effects of excess Ca were not observed when adequate P diets (0.45%) were fed. This observation is in agreement with a recent study in 100-to 130-kg finishing pigs where excess Ca (total Ca:STTD P ratio greater than 2.2:1) in diets decreased ADG only when STTD P was at or below the NRC (2012)-estimated requirements (Merriman et al., 2017) . Results from Exp. 2 suggest that increasing dietary Ca decreased G:F independent of STTD P in phase 1. However, during phase 2, the detrimental effects of high Ca on ADG and G:F were only observed in pigs fed NRC STTD P (0.40%) but not for pigs fed 0.52% STTD P. It is possible that 0.40% STTD P just met, or was marginally below, the requirement of pigs during phase 2, which resulted in a P deficiency when high Ca was added to the diets. This marginal deficiency in STTD P is also supported by the observation that feeding high levels of STTD P (>NRC) tended to improve ADG from d 0 to 24. Vier et al. (2017) also reported that NRC (2012) may underestimate STTD P requirements for optimal performance and economic return in 11 to 25 kg nursery pigs. Reinhart and Mahan (1986) observed that when diets contained low P (0.05% below NRC), total Ca:total P ratios above 1.3:1 decreased growth performance of pigs in any production phase, whereas when high dietary P (0.10% above NRC) was provided, wide total Ca:total P ratio up to 2.0:1 could be fed without detrimental effects. In another study, Qian et al. (1996) observed improved growth performance of 9 to 23 kg pigs when total Ca:total P ratio was narrowed from 2.0:1 to 1.2:1 regardless of dietary P concentration (0.36% or 0.45% total P). In the present study, total Ca:total P ratios ranging from 0.8:1 to 1.6:1 were fed without reduction in growth performance, but decreased performance was observed when total Ca:total P ratio exceeded 1.9:1. Interestingly, during the common phases of both the experiments, pigs previously fed low STTD P and high Ca diets grew faster and were more efficient than pigs from other treatments, suggesting a compensatory gain effect in response to the increased P and reduced Ca concentrations in the phase 3 diet. However, in Exp.1, these pigs were not able to fully compensate for the negative effects of P deficiency when diets contained excess Ca. In contrast to the compensatory gain observed in our study, Gonzalo et al. (2017) studied the effects of P depletion and repletion on growing-finishing pig performance and observed that previous P deficiency decreased ADG and ADFI during the subsequent repletion period.
Supplementing phytase to low P diets alleviated the impact of P deficiency on growth performance, and the magnitude of improvement was greater in diets containing high Ca. This observation is expected because increasing STTD P above the requirement of pigs by adding phytase improves their tolerance to wide Ca:P ratio. Moreover, the diets that included phytase to achieve 0.45% STTD P also improved ADG and ADFI of pigs over the diets containing 0.45% STTD P from only inorganic source, and this phytase response was more evident during phase 1 of the experiment, when dietary P would have been more limiting than during phase 2. It is possible that the 0.12% release value suggested by the manufacturer for 1,000 FYT of phytase underestimated the true digestible P and Ca release, resulting in more Ca, P, or possibly other nutrients becoming available to the pig.
Dietary Ca concentration has also been reported to alter the releasing ability of phytase. Proposed mechanisms for a Ca-phytase interaction include: 1) formation of a Ca-phytate complex that reduces the solubility of phytate and its accessibility by phytase; 2) competition of Ca for active sites of the enzyme resulting in indirect repression of phytase activity; and 3) a high acid binding capacity of inorganic Ca sources may influence phytase activity depending on their pH activity spectrum (Selle et al., 2009) . Qian et al. (1996) suggested that increasing total Ca:total P ratio between 1.2:1 and 2.0:1 in diets resulted in approximately 1.95% reduction in the efficacy of supplemental phytase for each 0.1 unit change in Ca:P ratio. However, the negative effects of high Ca on phytase activity were not observed in the present study. Feeding 1.03% total Ca to phytase-supplemented diets resulted in similar growth performance and percentage bone ash as those fed 0.58% Ca.
According to the Ca × P interaction observed for bone ash concentration, increasing dietary Ca exacerbated the deficiency of P (feeding 0.33% STTD P) for bone mineralization, compared with an improvement when diets contained adequate P (0.45% STTD P). This can be explained by the fact that a wider Ca:P ratio (about 2.2:1) is required to form hydroxyapatite-like compounds for bone development (Crenshaw, 2001) . Similar observations were reported by Létourneau-Montminy et al. (2012) where increasing dietary Ca from 0.5 to 0.8% decreased P retention by 0.016% in pigs fed a diet containing 0.1% nonphytate P, while it increased P retention of pigs by 0.026% when diet contained 0.3% nonphytate P. Furthermore, the growth promoting effects of phytase were not observed for percentage bone ash. This observation is in contrast with the growth performance data, where it appeared that the P release by adding phytase was underestimated. Therefore, it is possible that the beneficial effect of phytase on growth performance was a result of liberating other nutrients in the diet.
In summary, our data suggest that feeding excess dietary Ca negatively affected growth performance and percentage bone ash of nursery pigs when diets are deficient in STTD P. The STTD P estimates by NRC (2012) met the requirement of nursery pigs when diets contain low Ca concentrations, but resulted in decreased growth performance when diets contained more than 0.90% Ca. Future research is in need to determine the optimal Ca:P ratio in early nursery diets. Moreover, adding inorganic P or phytase to P deficient diets improved pig performance and alleviated the negative impacts of high dietary Ca concentration on growth performance.
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